To investigate how the liver adapts to chronic obstructive cholestasis, liver samples from infants with early-and late-stage cholestasis were analyzed for changes in the levels of hepatocyte transporters and nuclear receptors. At early-stage cholestasis, most canalicular transporters and sinusoidal uptake transporters were downregulated, including bile salt export pump (BSEP, ABCB11), multidrug resistant protein 3 (MDR3, ABCB4), multidrug-resistant associated protein 2 (MRP2, ABCC2), sodium-dependent taurocholate cotransporting polypeptide (NTCP, SLC10A1), organic anion transporter (OATP, SLCO1A2), and nuclear receptor farnesoid X receptor (FXR, NR1H4). At late-stage cholestasis, FXR-BSEP levels returned to normal, MDR3 and MDR1 (ABCB1) were upregulated, and MRP-2 was downregulated. In addition, alternative sinusoidal efflux transporters, organic solute transporter alpha/beta (OST␣/␤) and MRP4 were upregulated, and pregnane X receptor (PXR, NR1I2) levels decreased. Cytochrome enzyme P450 7A1 was markedly downregulated at both early and late-stage cholestasis. An analysis of the long-term prognosis of 18 patients revealed lower PXR and constitutive androstane receptor (CAR, NR1I3) levels in the poor prognosis group. In conclusion, at long-term cholestasis, hepatocyte bile efflux was through sinusoidal and canalicular transporters, with FXR-BSEP levels maintained and PXR downregulated. Low PXR and CAR levels were associated with poor prognosis. (Pediatr Res 63: [667][668][669][670][671][672][673] 2008) 
O bstructive cholestasis, caused by biliary tract stones, external tumor compression, or congenital biliary anomalies, is a common devastating liver dysfunction, resulting in liver toxicity, cirrhosis, and eventually hepatic failure. Therapy for obstructive cholestasis is mainly surgical (1) . However, those who cannot undergo corrective surgery, receive medical treatments, which have limited efficacy and may be detrimental to overall health (2) .
Clinical response to acute and chronic obstructive cholestasis differs. Acute obstructive cholestasis results in rapidly increasing bilirubin levels and deterioration of liver function. Animals with common bile duct ligation rapidly progressed to liver cirrhosis and died in a few weeks (2) . In chronic cholestasis such as biliary atresia (BA), the bilirubin levels and transaminase levels remained at a stable level until very late stage. BA, as the leading cause for pediatric liver transplantation, represents a unique human model of chronic cholestatic liver diseases and the best paradigm for studying acute and chronic cholestatic responses. Kasai portoenterostomy performed before 2 mo of age provides curative or palliative biliary drainage and prolongs patient survival. However, some patients continue to have progressive obstructive cholestasis, with survival up to 0.6 to 3 y with little bile drainage (3, 4) . Under such circumstances, it is highly possible that the liver adapts to protect hepatocytes from the toxic effect of rapidly accumulating bile acids and other metabolites.
Recent studies of the molecular mechanisms of bile physiology have provided better understanding of the pathophysiology for various cholestatic liver diseases. The sinusoidal transporters, sodium-taurocholate cotransporting polypeptide (NTCP, SLC10A1) and organic anion transporter (OATP, SLCO1A2) mediate uptake of bile acids and organic solutes; cytochrome P450 (CYP) enzymes hydroxylize and metabolize bile acids; and the canalicular export pumps, bile salt export pump (BSEP, ABCB11), multidrug-resistant gene 3 (MDR3, ABCB4), multidrug-resistant associated-protein 2 (MRP2, ABCC2) mediate bile acids, phospholipids, and bilirubin export, respectively (5, 6) . Some of the genetic defects result in progressive familial intrahepatic cholestasis. Several nuclear receptors have been found to be important in regulating hepatocellular transport and metabolic functions. The key nuclear receptors mediating bile acid homeostatsis include farnesoid X receptor (FXR, NR1H4), short heterodimeric partner (SHP, NR0B2), pregnane X receptor (PXR, NR1I2), and constitutive androstane receptor (CAR, NR1I3) (7-13). New therapeutic agents for cholestatic liver disease aiming at modulating the nuclear receptors is actively being investigated (14) .
It is important to understand the changes and alternative pathways in the human liver in response to cholestasis before the proposed treatment could be applied in clinical settings.
Previous studies have investigated the changes of a few key canalicular transporters in adult patients (15) (16) (17) (18) . However, different forms of cholestasis may exhibit distinct transporter regulation. Data regarding pediatric liver diseases is lacking in this aspect. We investigated the expressions of hepatocyte transporters and nuclear receptors comprehensively in patients with early-stage and late-stage BA. These data provide evidence of how human liver responds to biliary obstruction to ameliorate accumulating bile acid and metabolites injury at different stages of the disease.
METHODS
Patient samples. BA was diagnosed by clinical symptoms, liver biopsy, and confirmed by intraoperative cholangiography. Liver samples from eight patients with BA at the age of 2 mo (64 Ϯ 17 d) during Kasai operation represented early-stage obstructive cholestasis. Liver samples from eight BA patients aged 8 to 15 mo (10.50 Ϯ 3.12 mo) receiving orthotopic liver transplantation (OLT) represented late-stage cholestasis. The patients in late-stage group had all received Kasai operation at 2 mo of age but did not obtain patent bile flow after the surgery. They developed progressive liver cirrhosis and liver failure that required subsequent OLT at young age.
Pediatric control samples were collected from eight patients with noncholestatic liver diseases, including patients with hepatoblastoma (nontumor part), hepatitis, and inherited metabolic diseases. Their ages were 6 to 17 mo (12.01 Ϯ 3.86 mo). Four adult samples (aged 20 -40 y) from living-donor liver were used for adult control in the immunofluoresecent study for localization of canalicular transporters.
To further investigate the expression of canalicular transporters at earlystage of disease, and to correlate with long-term prognosis in patients with BA, a total of 18 patients with BA with liver samples obtained at Kasai operation were analyzed. Nine patients designated as good prognosis had good bile flow after Kasai operation. The stool color turned from pale to yellowish after the operation. The serum bilirubin level returned to normal, with total bilirubin level maintained below 2 mg/dL for at least 2 y. They were followed up for 23 to 118 mo. Another nine patients were designated as poor prognosis. They had progressive cholestasis after the Kasai operation, with persistently elevated serum bilirubin levels. Within 2 y of follow-up, they were either expired, received OLT, or had advanced cholestasis/cirrhosis awaiting OLT.
Liver specimens from needle biopsy or surgical biopsy were snap-frozen, and stored in liquid nitrogen for RNA and bile acid analysis, or embedded in O.C.T. (Tissue-Tek, Sakura) and stored in a Ϫ80°C freezer for tissue sections and staining. Informed consents were obtained from the parents. This study has been approved by the Institutional Review Board of National Taiwan University.
Quantitative reverse transcription polymerase chain reaction. Total RNAs were extracted from frozen liver by RNAeasy kit (Qiagen GmbH, Hilden, Germany), and was reverse-transcripted with 200 pmol of random hexamer (Invitrogen Life Technologies, Breda, Netherlands) and reverse transcriptase (SuperScript III, Invitrogen Life Technologies). With the cDNA (cDNA) obtained, PCR reaction was performed using the Taqman system in a PRISM 7900 HT Sequence Detection System (Applied Biosystems, Foster City, CA). Aliquots (5 ng) of total RNA were used for each reaction. The primers and probes used were obtained from TaqMan ® Gene Expression Assays (Applied Biosystems), including TATA-box biding protein, MDR1, MDR3, MRP2, MRP3, MRP4, NTCP, OATP1B1, OATB1B3, organic solute transporter alpha (OST␣), organic solute transporter beta (OST␤), CYP7A1, CYP3A4, SHP, FXR, PXR, and CAR. BSEP primers and probes were designed using published human cDNA sequences in Genbank database with Primer Express software v1.5 (Applied Biosystems). All reactions were run in duplicate. Data were analyzed with Sequence Detector v2.2.2 software (Applied Biosystems).
The expression levels of transporter genes relative to the housekeeping gene, TATA-box biding protein were calculated using the Standard Curve Methods (ABI PRISM User Bulletin 2). The mean levels of gene expression in early-and late-stage BA liver were compared with the levels in pediatric control liver, respectively.
Immunofluorescent staining. Frozen tissue sections (5-7 m) were cut in cryostat and placed on silanized slides (DAKO), then fixed in cooled acetone. The antibodies used included a polyclonal antibody against human BSEP (1:500) (19), MAb for MDR1 (ABCB1, 1:500, Sigma Chemical Co., Saint Louis, Missouri), MRP2 (M 2 III-6; 1:100), and MDR3 (P 3 II-26; 1:100) from Alexis Biochemicals (San Diego, CA). A polyclonal human OST␤ antibody (hOSTB1; 1:100) was kindly provided by Dr. Nazzareno Ballatori. Fluorescent conjugated secondary antibody (Alexa Fluor 594 and Alexa Fluor 488, Molecular Probes) was used. The images were obtained using image capture system (Leica DMRD, CoolSNAP) and Nikon C1 confocal microscope and processed using Adobe Photoshop CS2 (Adobe).
Bile acid analysis. Serum total bile acids were measured using the bile acids assay kit (DIAZYME Laboratories, Dan Diego, CA). For liver bile acid measurement, total bile acid was extracted by 75% ethanol in 50°C for 2 h. After centrifugation, the supernatant was measured according to manufacturer's instructions.
Statistics. The differences of mean expression levels between groups were compared with t test. A p value Ͻ0.05 was considered to be significant. Kaplan Maier survival analysis was used to compare the patient survival in different groups. Statistics were performed using SPSS 12.0 (SPSS Inc., Chicago, IL).
RESULTS

Clinical parameters.
The clinical parameters of the three groups of patients, including early-, late-stage obstructive cholestasis (BA at Kasai operation and BA at OLT) and pediatric control, are listed in Table 1 .
Adaptive changes in early-stage and late-stage obstructive cholestasis. In early-stage obstructive cholestasis, the liver showed rapid adaptive changes in that the canalicular transporters, BSEP, MRP2, and MDR3, and the sinusoidal uptake transporters, NTCP and OATP, were downregulated (Fig. 1) . Sinusoidal efflux transporters OST␤ was upregulated. The above changes were considered to reduce intracellular bile acid levels and canalicular bile pressure, to protect hepatocytes and cholangiocytes. The downregulation of BSEP was parallel with the lower expression level of its upstream regulator FXR.
In late-stage cholestasis, the FXR and BSEP levels returned to normal. Several other genes showed different adaptive changes, including upregulation of MDR3 (transport phospholipids into bile and protective for bile epithelium) and MDR1, downregulation of MRP2 (decrease bilirubin transport into bile and decrease biliary pressure), inhibition of sinusoidal uptake proteins (NTCP and OATPs) and increased alternative sinusoidal efflux transporters OST␣/␤ and MRP4. PXR, the nuclear receptor for bile acid hydroxylation and xenobiotic metabolism, was markedly downregulated at late-stage cholestasis. The mean levels of nuclear receptor FXR were lower than control in early and late stages (p ϭ 0.025 and 0.115, respectively), but only significantly downregulated at early-stage cholestasis. CAR and SHP was unchanged statistically, although there was a trend of lowered CAR levels both at earlyand late-stage cholestasis. The mean levels of PXR were lower than control in early-stage and late-stage cholestasis (0.38 and 0.16 of control levels, p ϭ 0.061 and 0.019, respectively).
The mean levels of CYP7A1 were lower significantly in early-and late-stage cholestasis compared with control levels, with a marked decreased mean level at late-stage cholestasis (0.018 of control levels, p ϭ 0.030). The mean levels of CYP3A4 was also lower in early-and late-stage cholestasis, but without statistical differences (p ϭ 0.098 and 0.252).
Liver histopathology. Liver pathology revealed small bile plugs in the interlobular bile ducts at early-stage obstructive cholestasis (Fig. 2) . At late-stage cholestasis, large bile plugs were noted in the interlobular bile ducts as well as in the large bile ducts. Bile lakes as a result of bile leakage into parenchyma associated with inflammation were seen. These findings supported that bile continued to flow into biliary tracts in despite distal obstruction, and were in accordance with the gene expression results shown above.
Nuclear receptors and prognosis with biliary atresia. To investigate whether the expression levels of transporter genes and nuclear receptors had prognostic values at the time of Kasai operation, we analyzed liver samples of 18 patients with BA at 2 mo of age, and compared the expression levels of BSEP, MDR1, MDR3, OST␤, FXR, PXR, and CAR in BA patients in the good and poor prognosis groups (Table 2) . There were no differences in the time of Kasai operation, bilirubin levels, alanine aminotransferase (ALT) levels, and ␥-glutaryltransferase levels at the time of Kasai operation in both groups. We found that patients in the poor prognosis group had significantly lower expression levels of PXR and CAR (Fig. 3) . We further divided the patients into high PXR expression levels and low PXR expression levels, using the median expression levels of PXR or CAR as cutoff values. The survival rate and mean survival time for low-and high-PXR levels were 25% vs. 80.0%; 14.3 Ϯ 2.7 mo vs. 98.4 Ϯ 12.4 mo, respectively. The survival rate and mean survival time for low and high CAR levels were 33.3% vs. 77.8%; 27.3 Ϯ 8.2 mo vs. 95.9 ϩ 13.8 mo, respectively. Survival analysis revealed that the low PXR expression group (n ϭ 8) had significantly lower survival rate (p ϭ 0.008). Low CAR patients (n ϭ 9) also had shorter survival time than high CAR patients (p ϭ 0.041). Five of the six patients with both lower PXR and CAR levels all received OLT before 1 y of age (7-11 mo), who were among the patients with worst prognosis.
Immunofluorescent staining. The immunofluorescent staining of BSEP, MDR1, MDR3, and MRP2 in patients with late-stage obstructive cholestasis, in comparison with pediatric and adult controls was shown. The canalicular staining of pediatric hepatocytes in controls and cholestatic liver had reached a similar level and pattern of adult liver. The relative levels of signal intensity in patients with BA in comparison with pediatric control livers confirmed the changes of gene expression levels analyzed by real-time PCR (Fig. 4) . BSEP was unchanged in comparison with pediatric control, MRP2 was decreased, and MDR1 and MDR3 were increased. Zonal differences in the expression of canalicular transporters were seen, especially in cholestatic liver, with higher signal intensity at zone 1 and 2, and lesser at zone 3 (data not shown). Colocalization of BSEP with MDR3, MDR1, and MRP2 in the hepatocytes was noted by double-immunofluorescent staining (Fig. 5) . MDR1 was also noted to be positive in ductular cells in portal areas, which may represent liver progenitor cells (20) . Higher expression levels of OSTs in patients with late-stage BA were confirmed by immunostaining of OST␤ at sinusoidal membrane (Fig. 6 ).
DISCUSSION
Our study is the first to delineate chronological changes of hepatocyte transporters and nuclear receptors in human obstructive cholestasis. The gene expression pattern was quite different between early-stage and late-stage cholestasis (summarized in Fig. 7 ). During early-stage obstructive cholestasis, the adaptive changes included downregulation of most canalicular and sinusoidal uptake transporters, including BSEP, MDR3, MRP2, NTCP, and OATPs. The downregulation of the major bile transport pathways was probably controlled mainly by downregulation of the key nuclear receptor FXR, because the ligand concentration as reflected by bile acid levels was elevated. The overall response could act to decrease intracellular bile acid levels as well as to reduce biliary pressure. Significant downregulation of PXR, and a trend of lower CAR levels were found, probably represent decreased detoxification capacity in cholestatic liver.
In late-stage obstructive cholestasis, the BSEP returned to normal levels, FXR was also close to the control levels. MDR3, the phospholipids transporter, which acts to protect cholangiocytes, was highly upregulated. MDR1 was also upregulated, probably acting as alternative bile salt exporter in hepatocytes (21) , or from the expression of MDR1 in ductular cells or liver progenitor cells (20) . At the same time, the sinusoidal transporters OST␣/␤ and MRP4 were upregulated to augment bile acid export. Downregulation of CYP7A1 suggested inhibited bile salt synthesis in response to high bile salt levels. The overall responses suggested that in late-stage cholestasis, to compensate for increasingly high levels of intracellular bile acid, bile efflux was bidirectionally through canalicular and sinusoidal membranes, resulting in large bile plugs and bile lakes, as seen in the histopathology of the late-stage liver. The sinusoidal efflux transporters were highly upregulated with a maximal effort to export bile acid into the blood stream, resulting in high serum bile acid levels, and then excreting excessive bile acid through the kidney.
In addition, we found that the localization of the canalicular transporters in pediatric controls and cholestatic liver had reached a similar level and pattern of adult liver, unlike the cytoplasmic localization in fetal liver (19) , indicating that the pediatric liver before 1 y of age had obtained a mature canalicular Figure 3 . Expression levels of PXR and CAR in patients with biliary atresia at Kasai operation. PXR and CAR levels were found to be lower in patients with poor prognosis (gray bar) than those with good prognosis (white bar) (p ϭ 0.014 and 0.025, respectively).
Table 2. Comparisons in the expression levels in patients with biliary atresia (BA) at the time of Kasai operation with good and poor prognosis
Good prognosis (n ϭ 9)
Poor prognosis (n ϭ 9) p structure. Zonal differences were also noted in the immunoflourescent staining. Hepatocytes in zone 1 receive blood with a high bile salt concentration and therefore are known to be important in bile formation. Our findings supported that during cholestasis, the adaptive changes were most prominent in zone 1 hepatocytes.
Our data were partly in accordance with previous results shown in adult patients with primary biliary cirrhosis, in that downregulation of NTCP/OATP, and upregulation of MDR1 and MDR3 at advanced stage; and BSEP maintained in earlystage disease (15, 16) . Studies in adult obstructive cholestasis patients have shown that BSEP and MRP2 were downregulated, and MRP3 was upregulated (17, 18) . Our data investigated more genes involving in bile transport and metabolism, as well as the chronological changes of these genes. We have shown that FXR-BSEP were decreased in early-stage and returned toward normal in long-term cholestasis. We did not found upregulation of MRP3 in early and late-stage obstructive cholestasis, which were reported in adult patients (15, 16, 18) . We found that OST␣/␤, the basolateral bile acid efflux proteins (22, 23) , were highly upregulated in both earlyand late-stage obstructive cholestasis. In this regard, it should be careful to apply the results of transporter changes of one study to other patient population, as different disease pathophysiology, different developmental ages, and species may all affect the adaptive changes in cholestatic liver.
Of note is in late-stage cholestasis, most nuclear receptors were maintained, except PXR. Our study demonstrated that A, B, C), MDR3 (D, E,  F), MDR1 (G, H, I ), and MRP2 (J, K, L), from patients with biliary atresia (BA), pediatric controls, and adult controls. Confocal images of the respective transporters in the insets showed the transporters targeted to the canalicular membrane in pediatric and adult livers. BSEP showed similar signal intensity in patients and controls. A marked increase in MDR3 expression was observed in obstructive cholestasis. The MDR1 expression was low in normal liver but increased in cholestatic liver. Signals of MRP2 expression were lower in BA than in pediatric and adult control livers. Scale bar: 20 m and 5 m (insets). PXR was down-regulated significantly in late-stage obstructive cholestasis in BA patients at 1 y of age. In addition, lower PXR and CAR levels were found in the liver of early-stage BA patients with poor prognosis. PXR plays an essential role in the detoxification of the liver, through regulating canalicular and alternative basolateral bile acid excretion, induction of phases I and II bile acid and bilirubin detoxification (11, 13, 14) . It is therefore possible that low levels of PXR would result in poor liver detoxification, and increase the severity of bile acid induced liver toxicity. Interestingly, CAR and PXR agonist had been reported to promote bile acid and bilirubin detoxification and elimination in rats (11) . Hepatic damage from bile acid accumulation was aggravated in PXR knockout mice with increased mortality (8, 24) . Animal studies showed that PXR is antifibrogenic, and that PXR agonist inhibited hepatic stellate cell transdifferentiation and liver fibrosis (25) . The ligands for PXR include rifampicin, phenobarbital, ursodeoxycholic acids, which are frequently used to treat cholestatic liver diseases (26) . We speculated that patients with lower PXR and CAR might include genetic factors, different inflammatory process, or gene regulation by different infectious pathogens. The pathophysiology of BA is known to be heterogeneous, caused by infection, genetic susceptibility, or different inflammatory responses (4). These genetic or infection-associated factors may affect the regulation of nuclear receptors.
FXR, which is activated by bile acid, regulates BSEP, MDR3, and MRP2. Our data showed that FXR-BSEP was reduced in early-stage cholestasis, which may decrease bile flow. The effect of FXR and BSEP maintenance in late-stage cholestasis is not clear. Inhibition of FXR and BSEP could theoretically be protective in obstructive cholestasis, by reducing bile acid levels and bile flow pressure in the biliary tree (7, 8) . However, FXR inhibition may also cause hepatocellular necrosis, and the liver injury level and mortality were unchanged (7, 8) . FXR also takes important roles in lipid and glucose metabolisms (27) , as well as normal liver regeneration (28) . Therefore, the modulation of FXR in the treatment of obstructive cholestasis deserves further investigation.
Multiple factors involve in the regulation of nuclear receptors on target genes, including the expression levels of nuclear receptors, ligand concentration and activity, cofactors, and other coordinate nuclear receptors (29) . Thus, a direct correlation of a single gene with a single regulating nuclear receptor may not be found. Further studies regarding the role of nuclear receptors on the changes of down-stream transporters and genes, as well as the nuclear translocation of these nuclear receptors in the hepatocytes should be investigated before proposed modulation of nuclear receptors could be used as treatment option.
In conclusion, we found that early-and late-stage obstructive cholestasis in human liver showed different adaptive changes in hepatocyte transporter systems. Early responses to obstructive cholestasis resulted in decreased intracellular bile acid uptake and excretion. At late-stage obstructive cholestasis, the overall response decreased bile acid uptake but not canalicular export or biliary pressure. Bile efflux may be through both sinusoidal and canalicular routes. The body tended to maintain homeostasis of FXR-BSEP signaling pathway in long-term cholestasis. Marked downregulation of PXR was found at late-stage cholestasis. PXR and CAR at the time of Kasai operation were associated with prognosis. Treatment aiming at modulating nuclear receptors FXR, PXR, and CAR deserves further investigations. 
